Suspended silicon nitride thin films with enhanced and electrically
  tunable reflectivity by Nair, Bhagya et al.
Suspended silicon nitride thin films with
enhanced and electrically tunable reflectivity
BHAGYA NAIR,1 ANDREAS NAESBY,1 , BJARKE R. JEPPESEN, 2 AND
AURÉLIEN DANTAN1,*
1Department of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
2 Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Gustav Wieds Vej 14, DK-8000,
Aarhus C, Denmark
*dantan@phys.au.dk
Abstract: We report on the realization of silicon nitride membranes with enhanced and
electrically tunable reflectivity. A high contrast grating is directly patterned using electron beam
lithography on suspended 200 nm-thick, high stress commercial films. We show that the grating
transverse profile can be measured in situ using localized cuts of the suspended film with a
Focused Ion Beam. A Fano resonance is observed at 937 nm in the transmission spectrum of TM
polarized light impinging on the membrane at normal incidence, leading to an increase in its
reflectivity from 10% to 78%. By mounting membrane chip on a ring piezoelectric transducer
and applying a compressive force to the corners of the film we subsequently show that it is
possible to shift the transmission spectrum by 0.23 nm.
© 2018 Optical Society of America
1. Introduction
Suspended thin films are widely used in photonics and sensing applications. Among them,
silicon nitride films deposited with low pressure chemical vapor deposition benefit from excellent
optical properties, high refractive index and ultralow loss in the visible and near-infrared range,
as well outstanding mechanical properties, high frequency/quality factor mechanical resonances
and high burst pressure. Due to these features as well as their low mass, thin SiN films with
thickness ranging from tens to a few hundreds of nanometers have been applied in a number of
cavity optomechanics investigations [1–9]. Increasing the otherwise relatively low reflectivity
of such membranes without increasing their mass is beneficial for cavity optomechanics with
single- [10–18] or multiple resonators [19–25], as well as for sensing [26–28] or lasing [29–31]
applications. Such an increase in reflectivity for films with subwavelength thickness can be
realized by patterning the film with a suitable subwavelength periodic structure, such as a high
contrast grating (HCG) [32] or a photonic crystal [33]. The interference between the incoming
light and guided modes in the structure allows for tailoring the optical properties of the film. In
particular, the destructive interference occuring for specific wavelengths/polarizations can give
rise to the appearance of either broad- or narrowband Fano-like resonances in the reflectivity
spectrum [34].
Enhanced reflectivity of suspended silicon nitride membranes has observed both for two-
dimensional photonic crystals [12, 14, 15, 17, 18] and for HCG [10, 11, 13] patterning. We follow
here an approach similar to that of Refs. [10, 11,13, 35], albeit by directly patterning a 50 × 50
µm2 subwavelength grating on a 500 × 500 µm2, 200 nm-thick, commercial, high-tensile stress
membrane. We show that the grating transverse grating profile of the suspended film can be
measured in situ using localized cuts of the structure with a Focused Ion Beam. A Fano resonance
is observed at 937 nm in the transmission spectrum of transverse magnetic (TM) polarized light
impinging at normal incidence, showing an increase in reflectivity from 10% for an unpatterned
membrane to 78% for a patterned one. The observations are consistent with Rigorous Coupled
Wave Analysis numerical simulations. Futhermore, by mounting the membrane chip on a ring
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piezoelectric transducer and applying a compressive force to the corners of the film we show
that it is possible to shift the transmission spectrum by 0.23 nm towards lower wavelengths.
Combined with piezoelectric actuation of their mechanical modes [36], such enhanced and
electrically tunable reflectivity membranes would be particularly interesting for improving and
tailoring the optomechanical response of optomechanical arrays of nanomembranes [25, 37]
and for investigating collective and strong coupling optomechanics [21, 22, 38, 39]. They would
also be interesting for realizing tunable optical filters [35] or waveplates [40], strongly focusing
lenses [41–43], vertical-cavity surface-emitting lasers [29, 44], or optical sensors [27, 28] for
biophysics [45, 46] and biomedical [47, 48] applications.
2. Fabrication
Fig. 1. (a-f) HCG fabrication process. (a) Suspended SiN membrane on Si, (b) Coating with
PMMA and conductive layer, (c) EBL, (d) Development, (e) Etching, (f) PMMA removal.
(g) Schematic cross section of a SHG with tilted walls. (h) Topview SEM image of the
50 × 50 µm2 SHG patterned area.
The silicon nitride membranes used in this work are commercial [49], high stress (∼GPa),
0.5 mm-square and 200 nm-thick films on a 5 mm-square, 500 µm-thick silicon frame. The
steps for patterning the HCG are depicted in Fig. 1a and are as follows: after cleaning with an
O2 plasma the sample are spin-coated with a 9% of 950k molecular weight PMMA resist and a
conductive polymer layer (SX-AR-PC 5000/90.2) to avoid charging effects during Electron Beam
Lithography (EBL). A 50 × 50 µm2 grating mask with a target period and finger width is then
written by EBL at 30 kV. After writing the conductive polymer layer is removed by immersion
in deionized water and the PMMA resist is developed in a solution of 3:7 H2O:IPA (Iso-propyl
alcohol). The membrane is then etched in a STS Pegasus ICP DRIE system using C4F8 (flow rate
59 sccm) and SF6 (flow rate 36 sccm) for 170 seconds at 50 W. The PMMA layer is removed in
acetone followed by rinsing in IPA and N2 blow drying. The sample is finally cleaned by means
of the O2 plasma again.
The etching parameters are observed to be quite critical for the success of the patterning, and
etching only a fraction of the 200 nm films is determinant in avoiding rupture/damage during the
process. A top-view SEM picture of the resulting grating is shown in Fig. 1b. From such SEM
images the period and grating finger width are estimated to be a = 810± 15 nm and w = 450± 20
nm, respectively. The latter number is deceiving, however, as the vertical profile of the grating is
not expected to be rectangular and the observed mean finger width depends on the saturation
level of the SEM image.
Fig. 2. (a) Schematic of the FIB cutting setup. (b) SEM topview image of the HCG after
cutting. (c) SEM cross section view of the HCG profile at position 1.
To get more insight into the vertical profile of the grating structure a Focused Ion Beam (FIB)
was used to cut through the SHG at different locations of the patterned area, as shown in Figs. 2a
and b. Before the FIB cut the membrane was made more robust by coating on both the etched and
non etched sides with ∼ 50 nm and ∼ 200 nm of gold, respectively, and a thick (' 2µm) carbon
layer was deposited at the various cutting positions. A high energy Ga+ ion beam is focused at
the edge of the cutting positions defined by the carbon layers, as shown in Figs. 2a and b. The
grating cross section can then be imaged at a 45◦ angle with a SEM microscope (fig. 2c). As
expected, the grating fingers are observed to have smooth edged walls, whose width substantially
varies from top to bottom. Analyzing these images yield for this particular sample a period
a = 806 ± 10 nm, top/bottom/mean finger widths of wt = 395 ± 14 nm, wb = 628 ± 15 nm and
wm = 512 ± 10 nm, respectively. The grating height is h = 109 ± 8 nm and the underlying Si3N4
layer thickness h′ = 87 ± 7 nm. The estimated profile from the images can be used in principle
as input to the numerical simulations to predict transmission spectra, as will be discussed below.
3. Optical characterization
The transmission of a patterned membrane similar, although less etched through than the one
described in the previous section, was measured by focusing onto the sample at normal incidence
linearly polarized light issued from a tunable external cavity diode laser with a f = 60 mm
focal length achromat doublet (spotsize ∼30 µm). Figure 3 shows the normalized transmission
measured for TE and TM polarized light impinging at normal incidence either on or outside the
patterned area.
Outside the patterned area the transmissivity of the film is independent of the polarization of
the light and its level is determined by the film thickness and refractive index. From ellipsometry
measurements and broadband transmission spectroscopy [37] the thickness and refractive index
of unprocessed samples from the same fabrication batch were determined to be t ' 200 nm and
n ' 1.982 in the plotted range (920-960 nm). The measured transmission is 8 − 12 % in that
range, consistently with the measured values of t and n.
When light impinges on the patterned area an overall small drop in transmission is observed
for TE polarized light, on account of the reduced effective thickness of the patterned film. A
much more strongly wavelength-dependent drop is observed for TM polarized light around 937
nm, as a result of the interference between the incoming light and guided modes in the structure
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Fig. 3. Normal incidence normalized transmission of the patterned membrane for TE (full
symbols) and TM (open symbols) polarized light incident on (blue and magenta) and outside
(red) the patterned area. The solid lines are the results of the RCWA simulations for the
grating parameters given in the text.
in this wavelength range. The transmission level of the TE polarized light and the position of
the Fano resonance for the TM polarized light are consistent with the predictions of numerical
simulations based on a RCWA approach [50], taking into account the refractive index n = 1.982
determined previously, the grating period a = 815 nm estimated from topview SEM images, the
approximate grating profile shown in Fig. 1g and adjusting the top and bottom widths wt = 411
nm and wb = 645 nm, the grating height h = 55 nm and underlying SiN layer thickness h′ = 135
nm to qualitatively match the observed data. The grating widths and height are only approximate,
since the observed resonance profile anyway deviates from the Fano resonance profile of a perfect
grating. We attribute the broadening of the resonance and the non-zero minimum transmission
level to inhomogeneous etching of the grating. In the future, such inhomogeneities could be
investigated using the FIB cutting technique, and reduced by a better control of the writing/etching
process parameters and, possibly, by increasing the patterned area.
4. Piezoelectric tuning
In subsequent experiments three corners of the patterned membrane were glued on a ring
piezoelectric actuator (Noliac NAC2123) with 6 mm inner diameter and a specified load-free
inner diameter contraction of ∼ 9 µm for an applied 180 V voltage. The grating being offset from
the membrane center by about 160 µm its period is slightly reduced by the inward contraction of
the SiN film and a global shift of the Fano resonance can then be expected. The same transmission
measurements as in the previous section were performed with and without voltage applied to
the actuator. The results are shown in Fig. 4 for TM polarized light at normal incidence. The
spectrum is clearly shifted towards lower wavelengths when a 180 V voltage is applied. The solid
lines show the results of fits with a Fano profile and match the experimental spectra fairly well. A
shift of the resonance frequency of −0.23 ± 0.03 nm can be inferred from the fits to the Fano
profiles. This is consistent what can be expected from the resulting reduction in grating period
taking into account its off-centered position. Let us note that larger shifts could be obtained by
increasing the compression force and optimizing the position of the grating. Applied to gratings
possessing high optical quality factor resonances this piezoelectric actuation could be useful for
e.g. designing tunable, low loss optical filters and waveplates.
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Fig. 4. Top: Topview schematic (to scale) of the patterned membrane chip mounted on the
ring piezoactuator (blue: SiN membrane, dark grey: Si chip, light grey: piezoactuator).
The red dot indicate the position of the HCG on the membrane. Bottom: Normalized
transmission spectra for TM polarized light at normal incidence on the HCG, without (blue)
and with (orange) a 180 V voltage applied to the piezoactuator. The solid lines are the results
of fits with a Fano profile. The inset shows a zoom on the Fano resonance dip.
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5. References
6. Conclusion
We demonstrated the possibility to pattern high-contrast gratings directly on commercial, high-
stress, 200 nm-thick suspended silicon nitride films, as well as to investigate their profile in situ
using a FIB cutting technique. An enhancement of the reflectivity of a 200 nm-thick film from
10% to 78% is demonstrated for TM polarized light at 937 nm. While the position of the Fano
resonance is consistent with the predictions of RCWA numerical simulations we surmize that
inhomogeneities in the grating structure currently limit the achieved reflectivity and width of
the resonance, which could be improved by further optimization of the writing/etching process
combined with investigations of the grating profile using the FIB cutting method. Fine tunability
of the optical spectrum by piezoelectric contraction of the suspended film was furthermore
evidenced. Such enhanced and electrically tunable reflectivity membranes would be interesting
for investigations of collective phenomena in optomechanical arrays of nanomembranes as well
as for a wide range of photonics and optical sensing applications.
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